Gene orders have been shown to be generally unstable by comprehensive analyses in several complete genomes. In this study, we examined instability of genome structures within operons, where functionally related genes are clustered. We compared gene orders of known operons obtained from Escherichia coli and Bacillus subtilis with corresponding those of operons in 11 complete genome sequences. We found that in many cases, gene orders within operons could be shuffled frequently during evolution, although several operon structures, such as ribosomal protein operons, were well conserved. This suggests that shuffling of a genome structure is virtually neutral in long-term evolution. Moreover, degrees of instability of the operon structures depended on the genomes examined. Variation in degrees of instability of the genome structures was likely to be related to differences in amounts of insertion sequences. Effects on transcription regulation are also discussed in association with operon destruction.
Introduction
Since the completion of the genome sequence of Haemophilus influenzae in 1995, more than a dozen genomes have been completed, and numerous genome projects are currently in progress. The advancement of genome research on various organisms gives us a unique opportunity for direct comparison of complete genome sequences to investigate the evolution of the genomes, particularly focusing on evolution of genome structures.
Structural changes in complete genome sequences have been examined among several eubacteria, and gene orders in bacterial genomes have been shown to be generally unstable (Mushegian and Koonin 1996; Tatusov et al. 1996; Himmelreich et al. 1997; Watanabe et al. 1997) . In yeast, one whole-genome duplication and successive translocations were observed by the comparison of paralogous gene orders within the genome (Wolfe and Shields 1997) , indicating instability of the genome structure in yeast. However, the causes of the genetic instability and its functional significance are still unknown. In order to elucidate them, we turned our attention to the structures of operons that are transcribed into polycistronic mRNAs.
Functionally related genes of eubacteria are often clustered on the genome and are organized into a transcriptional unit, termed an operon (for review, see Lewin 1997, p. 338) . Similar gene organizations have been found in archaebacteria (Langer et al. 1995) . Interestingly, several Caenorhabditis elegans genes appear to be cotranscribed polycistronically in clusters similar to bacterial operons (Spieth et al. 1993; Zorio et al. 1994) . It is likely that they arose within the Caenorhabditis genus independently of bacteria (Spieth et al. 1993) , although it was recently reported that the arrangement of eukaryotic operons seems to have predated the divergence of this genus (Evans et al. 1997) .
Since the proximity of functionally related genes was proposed to possibly result in more efficient functioning (Demerec and Demerec 1956) , coordinative expression of such genes is generally thought to be logical and economical. Therefore, the structures of operons should be important for efficient regulation by cotranscription, and they should be conserved in the course of evolution. Approximately 100 operons between Bacillus subtilis and Escherichia coli and only 14 operons between B. subtilis and Synechocystis sp. were reported to be conserved (Kunst et al. 1997) , even though most operons used in the study were hypothetical transcription units. In this paper, we conducted the extensive and comparative analyses of the operon structures in 11 complete genomes that are currently available from public data banks: H. influenzae (Hin) (Fleischmann et al. 1995) , Mycoplasma genitalium (Mge) (Fraser et al. 1995) , Synechocystis sp. (Syn) (Kaneko et al. 1996) , Methanococcus jannaschii (Mja) (Bult et al. 1996) , Mycoplasma pneumoniae (Mpn) (Himmelreich et al. 1996) , Saccharomyces cerevisiae (Sce) (Goffeau et al. 1997) , Helicobacter pylori (Hpy) ), E. coli (Eco) (Blattner et al. 1997) , B. subtilis (Bsu) (Kunst et al. 1997) , Methanobacterium thermoautotrophicum (Mth) (Smith et al. 1997) , and Archaeoglobus fulgidus (Afu) (Klenk et al. 1997) . The genome sequences used were those of three proteobacteria, one cyanobacterium, three low-GϩC gram-positive bacteria, three archaebacteria, and one eukaryote ( fig. 1 ). For most organisms, few operon structures have been experimentally confirmed. Hence, we decided to compare the known operon structures of E. coli or B. subtilis with orthologous operons of other genomes, because a number of operons in E. coli and B. subtilis have been confirmed by experiments. Although cotranscription in protein-coding regions has not been found in S. cerevisiae, this genome mamoto et al. 1997) , but the two strains of E. coli have essentially the same genome sequences, and the following study obtains the same results from either genome.
Phylogenetic Analysis
Amino acid sequences of EF-2/G were aligned with the CLUSTAL W program (Thompson, Higgins, and Gibson 1994) . We discarded highly diverged regions of EF-2/G for the following phylogenetic analysis. The phylogenetic tree was reconstructed by the neighborjoining (NJ) method (Saitou and Nei 1987) . We used CLUSTAL W for the NJ tree reconstruction with corrections for multiple replacements, excluding sites with gaps.
Operon Data
We searched the databases and literature for any descriptions of the operons of Eco and Bsu. For Eco, we collected 256 operons consisting of two or more ORFs. One operon of Eco had, on average, 3.5 ORFs. For Bsu, 100 operons were collected, consisting, on average, of 4.1 ORFs per operon. The data sets for the operons are available at our WWW site, http:// www.cib.nig.ac.jp/dda/taitoh/operondata.html.
Orthologous Pairs
Orthologous pairs were originally defined by Watanabe et al. (1997) . In this study, we improved on this method. In particular, an orthologous pair was defined according to the following criteria: (1) orthologous open reading frames (ORFs) between two genomes compared must be the most similar ORF reciprocally (fig. 2a) ; (2) similarity of the pair has to show statistical significance; (3) if a particular ortholog shows more similarity to certain paralogs within the genome, all of the paralogs are regarded as being orthologous to the counterpart of the other genome ( fig. 2b ). The last criterion means that an orthologous pair should be represented as many-to-many relationships of paralogous groups between two species.
Similarity was calculated by the FASTA program (Pearson and Lipman 1988) . We assumed that similarity was of statistical significance when the z value was larger than 6 in 300 random shuffles of a query sequence (Lipman and Pearson 1985) .
Classification of Orthologous Operon Structures
When a structure similar to a known operon of Eco or Bsu was found in another genome sequence, such a gene cluster was regarded as a hypothetical operon, even if the operon was not confirmed experimentally in the genome.
Structures of orthologous operons were classified into four groups according to their conservation levels of gene orders ( fig. 3 ): (1) an operon structure was ''identical'' if it was completely identical to that of Eco or Bsu; (2) we defined an operon structure as ''similar'' if a structure similar to the known operon was conserved in part, allowing translocations, deletions, and two insertions within an operon; (3) an operon structure was defined as ''destructed'' if two or more orthologs of an operon were found and the operon structure was not conserved; (4) and an operon structure was defined as FIG. 2.-Definition of an orthologous gene pair when a duplication event has occurred (a) before and (b) after speciation. In a, A1 is orthologous to A2, and B1 is orthologous to B2 (Watanabe et al. 1997) . In b, A1 and A1Ј are orthologous to A2, A2Ј, and A2Љ.
''unknown'' if no orthologs or at most one ortholog within an operon was found, such that its structural conservation could not be estimated, because two or more orthologs were necessary for comparison of a gene order between genomes. Note that even though an operon appears to have been destructed in some genomes, it is also likely that the operon had been created in Eco or Bsu after speciation. However, we simply termed such cases ''destructed.''
Results

Instability of Operon Structures
Instability of operon structures between Eco and other genomes is summarized in table 1, and the degree of the instability for each genome is shown in figure 4a . Operons of unknown structures are not included in this figure. The operon structures were well-conserved in the most closely related organism, Hin, although the orders of other genes appeared to have been shuffled randomly (Watanabe et al. 1997) . Nevertheless, most operons in other genomes were subjected to rearrangements in their structures. For example, Syn has only a few operon structures that are identical to those of Eco, as observed in archaebacteria. Moreover, no identical structures were found in the eukaryotic genome, Sce. Thus, the degree of instability of operon structures seems to be correlated with the degree of divergence between the genomes compared. However, this is not always the case, and the degree of instability depends on the evolutionary lineage. In fact, operon structures between Eco and each of three gram-positive bacteria (Bsu, Mpn, and Mge) were more conserved than were those between two gram-negative bacteria, Eco and Hpy. The degree of instability of operon structures between Bsu and other genomes is summarized in table 2 (see also fig. 4b ). A similar tendency was also observed between Bsu and other genomes, as found between Eco and others.
These results indicate that a genome structure can be readily shuffled within operons in long-term evolution. For instance, although the dnaK operon consists of seven genes in Bsu, the operon in other genomes was destructed ( fig. 5 ). In comparison with archaeal genomes, it is likely that the last common ancestor at least had the structure spanning grpE-dnaJ. Interestingly, the dnaK operons were destructed independently within the proteobacterium lineage, between grpE and dnaK in Eco and between dnaK and dnaJ in Hpy (fig. 5 ). Even though almost all of the operons were found to be rearranged, destructed, or lost, there were several exceptions. According to the functions of the listed operons, ribosomal protein operon structures such as S10-spc-␣ were well conserved among all genomes except Sce, as had been reported (Siefert et al. 1997; Watanabe et al. 1997) . Several operons, atp, groE, nusA-infB, and pheST, were also well conserved within eubacterial genomes (tables 1 and 2).
Relative Instability of Operon Structure
As shown in figure 6 , in order to qualify the degree of instability, let us consider orthologous operons among three species-1, 2, and 3. Suppose that an operon in species 1 is conserved in species 2. There can be two hypotheses for explaining an evolutionary history of alteration in operon structures: first, that their common ancestor had the same structure and that it was destructed only in the lineage of species 3 ( fig. 6a ), and second, that each operon was independently created. The former is more parsimonious than the latter, because at least two distinct translocations are needed for the latter ( fig. 6b ). Let us consider another example. Suppose that an operon is destructed in both species 2 and 3. In this case, it is possible that the operons have been destroyed independently in the lineages of species 2 and 3, although the common ancestor has the identical structure. It is equally possible that an operon was newly created in the lineage of species 1 when the common ancestor did not have any operon structure. Therefore, we estimated the number of destructed operons using the formula described below. Assume that operon structures had been destructed independently in species 2 and 3. In making a comparison of operon structures in species 1 with those in species 2 and 3, let N 2 be the number of conserved operons only in species 2 (i.e., destructed in species 3), let N 3 be the number of conserved operons only in species 3 (i.e., destructed in species 2), and let N c be the number of commonly conserved operons in both genomes ( fig. 6c ). Under the assumption of independent destruction of operon structures in each species, according to the conditional probability of stochastic independence, we derived the following equation:
Accordingly, the estimated number of destructed operons (N d ) in both genomes is
Thus, the proportion of conserved operons in species 2 (R 2 ) is derived by the following formula:
The proportion in species 3 can be calculated in the same way. Therefore, we can compare the relative stabilities of operon structures between species 2 and species 3 by using the estimated number of destructed operons in both species. Among the proteobacteria, gram-positive bacteria, and cyanobacteria, speciation appears to be almost trifurcate ( fig. 1) . Thus, the above assumption of independent destruction of operon structures can be reasonably accepted. For the Bsu operon orthologs between each proteobacterium and cyanobacterium Syn, we counted the number of conserved operons ( fig. 7a-c) only when operons were conserved or destructed in proteobacterium and Syn, and we computed the relative stability of the operon structures. In the same way, for the Eco operon orthologs between each gram-positive bacterium and the cyanobacterium, we compared the degree of conservation of the Eco operon structures between each gram-positive bacterium and Syn ( fig. 7d-f) .
The proportions in Eco, Hin, and Bsu were significantly larger (P Ͻ 0.001) than in Syn. Therefore, the conservation of operon structures are observed in the following order:
Similarly, in Mpn and Mge, the operon structures were much more conserved than in Syn, but less conserved than in Eco, Hin, or Bsu. Hpy contained only a few conserved operon structures, as observed for Syn ( fig.  7c ), although its proportion of conserved structures was larger than that of Syn (P Ͻ 0.01). We conclude that the relative stability of the operon structures among eubacteria is 
Discussion
Detection of Orthologous ORF Pairs
Our method could detect orthologous pairs between not only closely but also distantly related organisms such as eubacteria and archaebacteria (tables 1 and 2). This indicates that the method is sufficiently effective in finding orthologs. However, the following three points should be carefully noted. First, when a pair of orthologs is highly diverged, it is difficult to detect the pair correctly by a sequence similarity search. Second, when orthologs consist of more than two domains, it is possible that orthologs may be identified by using only the domain with the highest similarity. Even if the remaining domains show significant similarity to different proteins, these domains are neglected. Finally, if some of the genes have been horizontally transferred, phylogenetic relationships among relevant species should be taken into account. Although these points should be improved for better detection of orthologs, the method is powerful and suitable for the present study, that is, an automatic mass analysis of orthologs between complete genomes. 
NOTE.-Abbreviations as in table 1.
Unstable Structures of Operons
As shown in comparisons of several genome sequences, the genes on the genomes seem to have been, in general, randomly shuffled (Watanabe et al. 1997 ). On the other hand, operon structures were expected to be more conserved than the outside regions of operons, because the polycistronic property of an operon structure is thought to be of functional importance. According to our results, however, only 56% of operons were identical between Eco and Hin. Moreover, the proportion of identical operon structures was 13% between Eco and Hpy. Consequently, the degree of conservation of operon structures was found to be generally quite low (fig. 4 ). These observations suggest that conservation of operon structures appears to be less important than expected, implying that destruction of operon structures is almost selectively neutral during longterm evolution. Functional constraint against coexpression of genes may be so weak that the organization of gene clusters in operon structures can be readily changed during evolution.
Genome rearrangement is thought to be caused by recombination between homologous DNA sequences (Himmelreich et al. 1997) . Although in Bsu, the rate of inversions was estimated to be low (Toda, Tanaka, and Itaya 1996) , duplications and deletions are known to frequently occur in Eco and Salmonella (Roth et al. 1996) . This suggests that genome structures have undergone frequent alteration during long-term evolution, such that almost all of the operons could have been rearranged.
Gene orders of ribosomal operons are well conserved in both eubacteria and archaebacteria. In a study of ribosome assembly in vitro, ribosomal protein operons were suggested to correspond to assembly units for forming a ribosome (Herold and Nierhaus 1987) . Therefore, we expect that the gene orders may correspond to the assembly order of ribosomal proteins. Nonetheless, we found that the orders of genes within the operons appeared to be irrelevant to the order of their assembly. Thus, the order of genes in a ribosomal protein operon may not be important for their assembly to form a ribosome and may not be crucial for their function. Rather, the conservation of ribosomal protein operons can be explained by the possibility that the genome rearrangement has been deleterious for high expression of ribosomal genes. When an operon is destructed and split into two units, it is quite possible that the transcription efficiency drastically decreases in the latter units. This is because the latter unit may lack transcription regulatory regions. Such decreases in amounts of transcripts may be seriously deleterious, because ribosomal proteins play an essential role in all organisms and should be highly expressed. Consequently, the operon structures should have been retained in the course of evolution. Moreover, even operons which contain very important genes could sometimes be destructed in several species (e.g., fig. 5 ). In general, the conservation levels of operon structures appear irrelevant to the degree of their function (tables 1 and 2). This supports the abovementioned notion that, in many cases, functional constraints against operon structures are weak and the structures can be frequently shuffled during long-term evolution.
Operon-like Structures in Archaebacteria and a Eukaryote
Although orthologous ORF pairs between an archaebacterium and a eubacterium are quite divergent, the relative degree of conservation of the operon structures can be evaluated by our analysis. In fact, Mja appears to be less conserved than Mth or Afu (fig. 4 ). There seems to be a difference in the instability of the operon structures among archaebacteria too.
There are more divergent relationships in operon structures between a eubacterium and a eukaryote Sce. Among the 256 Eco and 100 Bsu operons, only one gene cluster, the gal ortholog in the yeast genome, was found to retain an organization similar to that of the eubacterial operon. Since no other operon structures were found to be conserved, the genome structure of yeast seems to be (Fleischmann et al. 1995; Fraser et al. 1995; Bult et al. 1996; Himmelreich et al. 1996; Kaneko et al. 1996; Blattner et al. 1997; Goffeau et al. 1997; Klenk et al. 1997; Kunst et al. 1997; Smith et al. 1997; Tomb et al. 1997) . For Syn, the frequencies for transposases instead of ISs were calculated. Ten partial copies of ISs were included in Hpy. No IS-like element was reported in Mge, Mpn, or Mth. completely different from that of eubacteria and archaebacteria. Its genome structure and transcription regulation may have evolved in a unique manner.
Important Role of Insertion Sequences in Instability of Operon Structures
Conservation levels of the operon structures were very different among the genome sequences studied here. The operons in Bsu were very well conserved. Indeed, its genome structure had been thought to be stable (Itaya 1993) . In contrast, operons in Syn were drastically destructed. It is known that Bsu has few insertion sequence (IS)-like elements (Kasahara, Nakai, and Ogasawara 1997; Kunst et al. 1997 ), but Syn has about 100 transposases (Kaneko et al. 1996) . If a genome sequence can be rearranged via homologous recombination, autonomously transposable elements like ISs are convincing candidates for a cause of genome instability (Naas et al. 1995; Deonier 1996) . Although there exist a number of other repetitive DNA sequences in bacterial genomes (e.g., 314 BIME sequences in E. coli; Blattner et al. 1997 ), they are not large enough to frequently mediate homologous recombination, as a frequency of recombination increases with the size of the repetitive sequence (Bachellier et al. 1996) . Moreover, ISs can be inserted and excised without regard to locations in a genome sequence, even within an operon. If ISs had been the main cause of genome rearrangements, positive correlation would be observed between genome stability and the number of ISs. In fact, the unstable genomes of Syn and Hpy showed a relatively large number of ISs ( fig. 8) . No IS-like element was found in Mge, Mpn, or Mth, while approximately 8% of the Mpn genome is composed of repetitive DNA elements (Himmelreich et al. 1996) . Note that the frequency of only reported ISs is shown in figure 8 . Eco appears to possess many ISs ( fig. 8) , whereas Bsu contains few ISs. Accordingly, Bsu seems to have the most stable genome, and therefore it well retains the ancestral genome structure.
Moreover, Synechococcus sp., which is closely related to Synechocystis sp., contains multiple chromosome copies even at a slow growth rate (Binder and Chisholm 1990) . Since this suggests that cyanobacteria have many chances for homologous recombination and their genome sequence can be shuffled more frequently than others, existence of multiple chromosomes may have accelerated genome rearrangements in cyanobacteria.
Effects on Transcription Regulation
When an operon is destructed and divided into two units, the latter unit requires new regulation for its transcription; otherwise, it will become a pseudogene(s). This may occur if the whole regulation of the operon becomes less important (i.e., alteration of the operon structure is almost selectively neutral) and if the members of the operon need not be highly expressed.
If an operon structure is destructed, the equivalent transcriptions of the destructed operons may be compensated by more complicated regulation. For all ORFs for each species, we computed the proportions of putative transcription regulators, which were identified by significant sequence similarity (E Ͻ 10 Ϫ4 ) to transcription regulators registered in SWISS-PROT 34 ( fig. 9) . The Syn and Hpy genomes, in which operon structures were drastically destructed, had fewer regulators than did Eco, Hin, and Bsu. Moreover, Mpn and Mge retained regulators at levels similar to that of Hpy. Although this observation is indirect evidence, it is suggested that the stability of a genome is irrelevant to the complexity of regulations if the number of regulators correlates simply to the degree of their complexity.
Unfortunately, much experimental information on operons and transcription regulation is unavailable for most species whose complete genomes have been sequenced, so it is difficult to predict transcription regulation in silico at present. Thus, more experiments for operons and their regulation are required in order to elucidate a relationship between operon destruction and its effect on regulation. Further systematic investigations of transcriptional regulation in these genomes are expected in the post-genome sequencing projects.
